ABSTRACT: New techniques used during a recent study in the oligotrophic North Pacific Ocean demonstrated that coccoid cyanobacteria were the most abundant photoautotrophs. Despite their small size, they accounted for 64 % of the total photosynthesis, with specific growth rates of 1.6 d-'. Grazing experiments indicated that a diverse assemblage of micrograzers is able to consume and effectively metabolize chroococcoid cyanobacteria. In the open ocean, a significant trophic interaction occurs between cyanobacteria and micrograzers, components not included in the classical paradigm of the oceanic food web.
In oligotrophic ocean systems, picoplankton (Sieburth et al. 1978) account for approximately 60 % of the inorganic carbon fixation (Li et al. 1983 ) and apparently have high specific growth rates , Douglas 1984 , Landry et al. 1984 . Chroococcoid cyanobacteria have been observed in the marine environment (Johnson & Sieburth 1979 , Waterbury et al. 1979 ), but only recently have they been implicated as a substantial component of the autotrophic picoplankton. Information about cyanobacteria in situ growth rates, photosynthetic characteristics and contribution to higher trophic levels is still limited. Studies conducted with cultures of Synechococcus sp. demonstrated net specific growth rates of u p to 1.5 d-', saturating at low irradiance (Morris & Glover 1981) . Preliminary field data indicate that picoplankton photosynthesis saturates at low irradiance, with maximal contributions to primary production at the base of the euphotic zone (Morris & Glover 1981 , Li et al. 1983 ). However, the relative contribution of cyanobacteria to total photosynthesis has not been quantified. Few studies have investigated the cyanobacteria as a food source for grazers. Ingestion of cyanobacteria by protozooplankters has been verified by microscopy (Johnson et al. 1982) and specific grazing rates determined by dilution cultures have been O Inter-Research/Printed in F. R. Germany reported for a mesotrophic system (Landry et al. 1984) .
Protozoa grown in the laboratory on Synechococcus sp. demonstrated their suitability as food for micrograzers, while ingestion, but not digestion, by calanoid copepods has been observed (Johnson et al. 1982) .
In the North Pacific gyre (35"N, 128"W), we studied the distribution and photosynthesis of cyanobacteria and their consumption by micrograzers. This region is typical of the oligotrophic subtropical open ocean in spring, with a mixed layer of 60 to 80 m, and a deep chlorophyll maximum between 90 and 105 m as shown by in situ profiles of density, fluorescence, and beam attenuation (Fig. 1) . Integrated euphotic zone chlorophyll a was approximately 25 mg m-2. Fig. 2 illustrates the vertical distribution of cyanobacteria and acetone extracted chlorophyll a concentrations for discrete samples at the study site. Daily specific growth and grazing rates were calculated from the general exponential relation:
where N, = concentration at time t; No = concentration at time zero; r = specific rate coefficient; t = time. References to rates in this paper are specific natural log rates as defined above. If the cyanobacteria population is in steady state, the specific rate constants for growth, U , grazing, g, and residual losses, 1, satisfy the equation: r = U -g -1 = 0. For our experiments, the loss term, 1, includes respiration and exudation by cyanobacteria, respiration and excretion by grazers, and grazers not sampled. A recently published mathematical model implies that microheterotroph respiration may be the dominant loss term required to balance high observed growth rates (Smith et al. 1984) .
Primary production of the size fractions was determined by filtering replicate samples of 200 m1 onto Vertical distribution for discrete samples of cyanobacteria (epifluorescent direct counts) and total extracted chlorophyll a (retained on Millipore HA filter) at study site. Data represent the means of duplicate samples which had standard errors less than 10 % glass fiber filters, after incubating seawater samples at 5 light levels with H14CO;. To minimize physiological stress the samples were fractionated after incubation. Primary production was calculated according to standard techniques (Strickland & Parsons 1972) . Values for carbon fixation in dark bottles were subtracted from values for light bottles. For oligotrophic waters the difference in primary production retained by the 2 filters is predominantly due to coccoid cyanobacteria. This assertion was validated by direct epifluorescent microscopy on subsamples from the water used for primary production determinations. Duplicate samples of whole seawater and Millipore HA or Whatman 934 AH filtrates were gravity filtered for direct counts onto 0.2 pm Nuclepore filters prestained with irgalan black. The volumes filtered for microscopic counts were equivalent to those filtered in the photosynthetic measurements. The counts were done at sea, soon after sample preparation, to minimize problems associated with loss of cellular fluorescence due to preservation and storage. An average of 62 % (SD = 0.03, n = 10) of the cyanobacteria pass the 934-AH filter. For most samples, no red fluorescing cells were observed in the 934 AH filtrate. Some samples did have small eukaryotes present but their estimated biomass never exceeded 10 % of the cyanobacterial biomass for the sample. This size fractionation technique is a useful procedure for separating coccoid cyanobacteria from the total photoautotrophic population. No fluorescing cells were observed in the Millipore HA filtrate. The same preparation for whole seawater revealed both cyanobacteria and red fluorescing eucaryotes. Direct cell counts of cyanobacteria found in the Whatman 934 AH filtrate and the difference in primary production retained on the 2 filter types allowed an estimate of the rate of carbon fixation per cell. The relative contribution by cyanobacteria to total primary production was determined by dividing the difference in values for the 2 filters by the fraction of cyanobacteria which passed the 934-AH filter. Cyanobacteria cellular photosynthetic response to different irradiances for a surface and a 105 m sample are shown in Fig. 3 , demonstrating that surface populations were saturated, but not inhibited, by light levels typical of the upper euphotic zone. This implies that coccoid cyanobacteria may contribute significantly to primary production throughout the euphotic zone. The P-I curve for cyanobacteria from the chlorophyll maximum (105 m) demonstrated inhibition above 150 ~E i n s t m -2 s -1 (Fig. 3) . Interpolation at the appropriate light level on P-I curves for samples from different depths allows an estimate of the cellular photosynthetic rate at specific depths. The cyanobacteria at the study site were dominated by coccoid forms with diameters ranging from 0.8 to 1.2 Lm. Because of inherent inac- where C symbolizes carbon; U has units of d-l. For these estimates we assumed a cellular carbon concentration of 0.121 pg C~l m -~ (Watson et al. 1977 , Douglas 1984 . Our values for U are probably an upper limit since dark respiration cannot be determined by these standard photosynthetic techniques (Williams et al. 1983 , Marra & Heinemann 1984 , Smith et al. 1984 .
The quantum yield of photosynthesis, @, is defined as moles of carbon fixed per mole of quanta absorbed (Rabinowitch & Govindjee 1969) . A general expression for Q, in terms of cellular photosynthetic and light data is: moles C cell X time
The cellular absorption efficiency, Q, is defined as the ratio of quanta absorbed by a cell divided by the total quanta which intercept the cell's geometric cross-section (More1 & Bricaud 1981). We determined Q for a phycoerythrin containing Synechococcus sp. (DC-2, Bigelow laboratory culture collection) according to techniques described elsewhere (Mitchell & Kiefer 1984) . DC-2 in culture has an average cell diameter greater than cells observed in nature. We scaled the value of Q for DC-2 to a value appropriate for the cell diameters of the natural population. This procedure assumes that the intercellular pigment concentration (per unit volume) is the same for DC-2 and natural cells. Using this scaled value of Q and the initial slope of the photosynthesis-irradiance curves, we estimated the quantum yield of photosynthesis. A mean value of 0.08 + 0.03 mole carbon (Einst absorbed)-' indicated that the cyanobacteria in this study were photosynthesizing near the maximal yield for phytoplankton reported by Bannister & Weidemann (1984) .
Grazing experiments were conducted by adding 14C-labeled DC-2 (WH7803) cells to seawater and incubating in the dark for 24 h at in situ temperatures. DC-2 was grown axenically with HI4CO3 (approx. 1 pCi ml-l) in f/2 media (Guillard 1975 ) with continuous illumination (15 pEinst mP2s-l). Cells were harvested after stationary phase was reached, in order to minimize small molecular pools (Taylor & Sullivan 1984) . Cells were centrifuged (6 X g at 4"C), and washed with ice cold filtered (0.2 pm) and autoclaved sea water until no residual inorganic HI4COi was found in the rinse supernatant. The final cell suspension was kept dark on ice until use. The specific activity per cell was determined by direct cell counts and liquid scintillation. No loss of activity was observed for cells stored over a month under such conditions.
In the grazing experiments, we added 3 different concentrations of I4C-labeled DC-2 to natural water samples. The concentrations of labeled cells added ranged from 10 to 40% of the natural cyanobacterial population, previously determined by epifluorescent microscopy. Micrograzers were recovered on 8.0 pm Nuclepore filters by vacuum filtration (C 2.5 mm Hg) with 4 subsequent rinses of lOOml filtered seawater (0.45 pm Millipore HA). To avoid filter clogging, each sample (1000ml) was filtered after incubation in aliquots of 200 m1 each. The set of filters for each sample was placed in a scintillation vial containing 0.5ml of Protosol (New England Nuclear). After 14 h lOml of Scint-A (Packard) was added. Samples were quench corrected by the external standard ratio technique. Grazing rates were determined after subtracting the counts measured for a time zero control from the counts of the incubated samples. The mean for the 3 concentrations was considered the representative rate. No saturation of grazing was evident at the higher concentrations, which agrees with dilution culture experiments (Landry et al. 1984) . direct link between the smallest photoautotrophs and traditionally recognized primary carnivores. A calanoid copepodite concentrated the labeled cells in a hind gut fecal pellet, indicating the ability to ingest but not metabolize cyanobacteria, as previously reported (Johnson et al. 1982) . Grazing losses due to copepods may not represent transfer to higher trophic levels within the epipelagic zone, but cyanobacteria within sinking fecal pellets may be of significance to the food web of the mesopelagic zone. These results are the initial documentation of a diverse group of grazers capable of mediating the trophic transfer of cyanobacterial primary production in the ocean. Table 2 summarizes recent field studies of the picoplankton, or cyanobacteria. With the exception of the growth rates reported by Platt et al. (1983) , our data agree with previous reports, but suggest that cyanobacteria, specifically, are the dominant contributor to the photosynthetic picoplankton in oligotrophic systems. Since Platt et al. (1983) estimated autotrophic carbon from particulate carbon determinat i o n~, their approach may have underestimated detrital carbon, resulting in lower estimated growth rates. The relatively high abundance of cyanobacteria in the open ocean has been well documented (Johnson & Sieburth 1979 , Waterbury et al. 1979 . The high growth rates indicated by Table 2 imply that cyanobacteria play a significant role in the food web dynamics of the open ocean. These conclusions support the hypothesis of rapid growth in nutrient-depleted conditions. This concept requires a rapid turnover of biomass to supply an adequate nutrient flux (McCarthy & Goldman 1979) , and to maintain observed ecosystem stability (Hayward et al. 1983) . Little information has been reported regarding the grazing upon cyanobacteria (Johnson et al. 1982 , Landry et al. 1984 ) which must balance their high growth rates. The use of radiolabeled cyanobacteria has allowed, for the first time, photographic documentation of micrograzers which Grazing losses were determined by the equation: where CPMT = total '4C-Synechococcus label added; CPMc = grazer label retained on the 8.0 pm filter after a 24 h incubation in the dark at in situ temperatures; g has units d-l. These rates are probably a n underestimate of the natural grazing rates due to small grazer loss and large grazer avoidance of the Niskin sampling bottles. In addition grazer excretion and respiration of metabolized label was not determined. Fig. 2 and Table 1 summarize the vertical distribution of the data. These data indicate that cyanobacterial production and consumption by grazers are highest near the deep chlorophyll maximum, which agrees with previous reports for picoplankton (Morris & Glover 1981 , Li et al. 1983 ). However, the mean growth rate for 3 samples from the mixed layer suggests that cyanobacteria can adapt to higher irradiances.
Microautoradiography (Hoppe 1977) revealed that a broad diversity of grazers ingest and effectively metabolize the cyanobacteria (Fig.4) . Protozoa, primarily, show effective metabolic utilization of cyanobacteria as a food source as indicated by the uniform distribution of the exposed silver grains in the microautoradiographs. Most of the observed cyanobacterial grazers ranged in size from 10 to 50 pm although an unidentified grazer 300 pm in length clearly shows uniform cytoplasmic labeling (Fig.4, middle right) . High silver grain density in the cephallic region of a chaetognath (Fig. 4, lower right) , which are strictly carnivorous (Feigenbaum & Maris (1984) , suggests a rapid ( 5 l d) trophic transfer from cyanobacteria to higher levels of the pelagic food web. Efficient trophic transfer from the cyanobacteria to carnivores may be mediated by large protozoans which could represent a Information on sample size and error not available for these data consume and metabolize cyanobacteria in the field. Although quantification with our technique represents a lower limit for grazing losses for cyanobacteria, our data indicate that at least 30 to 40 % of the cyanobacteria standing crop is consumed daily. Due to the fragility and small size of the Protozoa, which appear to dominate the grazing of cyanobacteria, they have probably been significantly underestimated in microscopic counts (Beers et al. 1982 , Haas 1982 , Hewes et al. 1984 . Traditional field techniques have apparently overlooked the significance of a picoplankton-microzooplankton trophic link (Johnson et al. 1982 , Sieburth & Davis 1982 , which exists in addition to the classical oceanic food web paradigm (Steele 1974 ) of larger phytoplankton (e.g. diatoms, dinoflagellates) consumed by larger zooplankton (e.g. copepods). Current revisions of pelagic ecosystem structure have included a 'microbial loop' consisting of Protozoa which graze on bacterioplankton secondary production (Pomeroy 1974 , Williams 1981 , Azam et al. 1983 ). Recent reports documenting high cyanobacterial primary production rates, and our demonstration of an active community of cyanobacterial grazers, support their inclusion in conceptual models of ecosystem structure (Johnson et al. 1982) . From the results of this study, we postulate that the lowest trophic level of the oligotrophic ocean food web dominates biomass rate processes and includes a diverse microzooplankton population that is largely supported by the chroococcoid cyanobacteria.
